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Introduction of Inflation

Inflation paradigm is atfractive

e Solving horizon problem
e Solving flatness problem

We need an e-folding number to be
N _ lIl a(tend) =ft"”d @ " 50 _ 60
a(t,) Lq
a(t): scale factor
e Solving GUT monopole problem

e Producing temperature or density
(curvature ) fluctuation with AT/T~102




To solve the horlzon
problem we need Inflatlon




- To solve the flatness

problem we need Inﬂatlon
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. -Inflaton field produces density
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Observations

Planck2015 satellite reported;
ED =V Vm? /V?
Power spectrum of density fluctuation ., _» /J/ax

P, - Y (3.091£0.025)x10°5(~ AT /T)

- 247r2mGe

Spectral index

dInP
n = ° +1=—1+2n-6¢ =0.9639 +0.0047
dink
n-1~-0.04

Running of n(k)

an = 24> —16en — 26 = 0.009 + 0.010 (10)
dInk




Abstract (1/3)

Coleman-Weinberg conformal model is
attractive to induce the EW phase
transition. We need a B-L scalar to overcome

the top Yukawa's negative contribution to
28) _

SPIIS T (3)c x SU(2), x U(l)y x U(1)p_ QR Ao

~ _1N-14
Vi = A[H|* + Xa|®[* + M iz | H|?| | [

A mix is negative at

<p> =M
We assume A > A and |\

A (Muv) = Amic(Myy) = 0 at the UV scale, e.g. Myy = Mp




Abstract (2/3)

Mixing term (and even A o in flatland) is
derived only by radiative corrections

A figure by Iso-san




Abstract (3/3)

No other scales than Planck mass (no
hierarchy problem)

We have flat potentials for Higgs and B-L
scalar ® up to the Planck scale,

or zero at Planck scale (flatland scenarios)




Flat at Planck scale?

M, = 126 GeV (dashed)

M, = 124 GeV (dotted)
M, =171.0GeV
a.(Mz)=0.1184
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In standard model (not included U(1)B-L scalar)



Coleman-Weinberg potential

. Blg)= 2O
One-loop potential alng




Potential V(@

Large field inflation

"New inflation at GUT
"scales or smaller?

—  Small field inflation

- — _>




small-field Coleman-Weinberg
Conformal models

Iso, KK, Shimada (2014)




Problems in Coleman-Weinberg

inflation
Perturbation (< V/¢) with a potential
V(¢ ) at the GUT scale is too large for
fixed e-folding number N ~ 50 -60, due

to the smallness of ¢ @ Vi
Ap ~
R 2472 ML e

Even if we reduces the energy scale of
V(® ), e.g. down to TeV scale, the
amplitude of perturbation is well fitted,
but the spectral index is too small, ns <<
0.94 (A new severe problem)




Slowroll parameters

15 slowroll parameter

0 < M~107GeV —10"GeV

Se<ld




Field values

¢* IM? = (|n|/241n(24M 2, /|n|M?)) (M /M py)?
~ 1073 |n|(M/Mp)? < 1.

For ¢ <M, and 1 ~-0.02

9 4
, "7—'( M) <1

432 In(24M2,/|n[M2) \ Mp,




Field values

Normalization of the perturbation at pivot

A2 A Vo 94 In(24M3,/|n|M?)
R 24m2Mie 472 |n|3

—92.215 x 10~

ko = kcyr = 0.05 h-’lpc_l
Parameters

100 TeV for
M=10°GeV




E-folding number

E-folding number

1 [® V 3/ 1 1
= 373 7o~ 5 (_ - )
My Jgena V 2 \Inl |mendl

N =3/(1—-—ns)—3/2="T73.5 For 1_n5:0.04

Required value

2 v1/4 1
N>N_ =61+—In 0 +— In R
CME 3 10*GeV | 3 10"°GeV

V1/4 T
~30 42 In| —o |+ Lyl e
3 10°GeV | 3 10°GeV




Fermion condensate

Iso, KK, Shimada (2014)

with H << 100MeV

inf
We need a negative linear term

Vlinear - _C¢ =~

Quark condensates and mixing between
Hliggs and ¢ b

V. ~-y<gg>h

linear

y: Yukawa coupling
C = Pzl 22 Co = (246/M[GeV])Co




E-folding number

N B 1 /‘(bend Vodq')
~M%L ), AFPWOIE/F) 10

C = ACM3(M/Mp)?

the denominator of NV balance for C' ~ 107" and ¢cwmg,
or for C' ~ 1072 and deng.

y~10°, (gq)~(100MeV)’, C~10° & M=10°GeV




Tensor to scalar ratio by Planck and
BICEP/Keck + BAO

Planck 2015 results. XX. Constraints on inflation

Planck TT+lowP

Planck TT+lowP+BKP

Planck TT+lowP+BKP+BAO

Natural inflation

Hilltop quartic model

« attractors
- Power-law inflation

Low scale SB SUSY

R? inflation
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Primordial tilt (ns)

Strong point: monomial 1/2m?¢p? was excluded at two sigma




Running of Spectral Index

o= an, = —24¢% +16en - 2E¥
dInk

~-O(10) x O(107?)?
~-0(107%)




Running spectral index

ns = 0.9569 + 0.0077 (0.9586 + 0.0056) ,
dny/dInk = 0.011*0013 (0.009 + 0.010),

d*ng/dInk* = 0.029*001 (0.025 +0.013)
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What about smaller scales?

M= E




Cosmological 21cm line
observations

KK, Oyama, T.Takahashi, T.Sekiguchi, 2013




O 21cm line

@®proton-electron's spin-spin interaction

Hyperfine structure
Total spin =1
triplet

Total Spin =0
singlet 2

AE = 2mv,, = 5.8 x 10~%eV



21 ¢ m brightness temperature

— — — — — —

I1+Zde|
” lH(z) dr |

V21 XHITH
ST2Ps ( T, z) ~ A

1+ 2’ (1+z)H(z)
’I, 3C hA o o
Optical depth A= ;1 Peculiar velocity
is small V21KB

7. :neutral fraction
1—e""a1 »~ Ty, A

Spin femperature




< 21cm brightness temperature
fluctuation &34
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Evolution of spin temperature after star formation
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S. R. Furlanetto(2006)
Gas was heated by X-ray emission

T, >T,

z ~10 by Ly-a heating Ts—> T, » T,




21cm line power spectrum P,,(k,u)

<521(k)5;1 (k')> = (2m)38” (k — k') Pyy (k, )

M, <0.1eV 6XH1 <1

Py1(k, ) = (1 + u?)*Ps,, s, (k)

Ps, s.,(Kk) : matter power spectrum

Detail of ionization history
gives us power spectrum




SKA ( Square kilometer Array )
Location : Australia and South Africa

~ ~\

Antenna number
5000

Effective total
Antenna area

6 X 10° m?
. ),

http://www.skatelescope.org/

Construction Phase (2016 - )



Omniscope

Max Tegmark, Matias Zaldarriaga arXiv:0805.4414v2 (2008)
Max Tegmark, Matias Zaldarriaga Phys. Rev. D 82, 103501 (2010)

Lower cost than usual interferometers

- J. R. Pritchard, E. Pierpaoli, Phys Rev D 78, 065009

4 N
Antenna number Effective total

anntena area

6 6
B 10 10° m p




21lcm Fisher matrix

M.McQuinn, O.Zahn, M.Zaldarriaga, L.Hernquist, S.R. Furlanetto
(2006) Astrophys.J.653:815-830,2006

o gi 1 PR (k,w) OPE: (k, )
T 2L PRt (k)2 06, a6,

2
tot (6 obs) P21 + PNoise

Z
p — A Tys 1 Detector Noise
Noise = Ae nyto



CMEB B-rnode oolarization

By Planck (ESA), PolarBEAR (USA,Japan), CMPpol (USA)
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- ' -, TP Ty -,
Serlrlsliviies
krof 0.002 0.01 0.05 0.1 0.2 0.5

ong 3.81 x 1072 2.62x 10~ 553 x10~* 4.01 x 10~* _4.68 x 10~—* 3.33 x 10~
dag 1.47 x 1072 1.87x 1072 1.00 x 10~2 5.57 x 1074| 2.64 x 10~* | 6.65 x 10~*
035 243 x 107 594 x107% 6.86x107* 6.88x107* 6.87 x 10~* 6.79 x 10~*

Table 5: Expected 1o uncertainties of ng, a; and , from CMBpol+Omniscope for several
values of kief.

Kohri, Oyama, T.Takahashi, T.Sekiguchi, 2013
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Reheating

;L:vix <¢>2 ~ 1072 (;LmixM)z ~ 1072 m_:
l6r m m,

M

~107 GeV(

10°GeV ]Z
Reheating

r = 3H(TR)

Oo—

T, ~1006eV




Future constraints on neutrino mass

by 21cm CMB, and BAO

Nv,ef‘f

45
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+ Simons Array + DESI + Hjy + SKAT ——— ]
+ Simons Array + DESI + Hy + SKA2 ------- i

Sm, =0.06 eV |

01 02 03 04 05 06
va[eV]

Oyama, Kohri, Hazumi (2015) in preparation



Future constraints on neutrino hierarchy
by 21cm, CMB and BAO

/ \
2 — : ) :
— - Planck + POLARBEAR 2 + DESI + H, Planck + POLARBEAR 2 + DESI +H, -
\ " Planck + Simons Array + DESI + Hy — Planck + Simons Array + DESI + Hy ——
15 e AN ck +:Simons Array + DESI + Hy + SKAT —— 1 15} Planck + Simons Array + DESI + H + SKAT —— 1
.. “Planck + Simons Array + DESI + Hg + SKA2 - Planck+ Simons Array + DESI + H, + SKA2
E> 1 5, g Tr
« 'X\ ‘.“ ‘-‘_‘v‘.
€05 e Fo ]\ £05
E i £
N N o 1
g T . N
05 / - ’ - Prere 0+
— ]
77 1y Interted
-0.5 e P -0.5
To K 0.2 03 ! 0.1 0.2

o)
Oyama, Kohri, Hazumi (2015) Mahon
@\\

* Hierarchy parameter

=m3_m1

r

Vv

xm

-

= <

>0

< 0 inverted hierarchy

VAN
normal hierarchy




Conclusion

Conformal infltion models are attractive In
terms of both large and small field
iInflations. After Planck’'s 2015 data

release, we found that only the small-field

models fit the observations

In near future we can discriminate this
model from others by using new 21cm and
CMB B-mode polarization observations




Outstanding issues

The trajectory is not so frivial.

Tensor to scalar ratio is small (r<<10-29),
which must not be observed forever

A possible large-field preceding
inflation could occur before the small-
field CW conformal inflation




